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INTRODUCTION
Lyme disease (LD) is the most common tick-borne illness in the USA and Europe (Steere et al. 2016) and is caused by a bacterium, Borrelia burgdorferi, which is transmitted to humans by Ixodes ticks (Burgdorfer et al. 1982; Benach et al. 1983) . The numbers of LD cases in the USA have doubled nationwide from 1995 to 2017. The typical clinical manifestations associated with B. burgdorferi infection include the presence of localized erythema migrans (EM), which occurs at the site of tick bit within 2-3 weeks. EM is considered a clinical hallmark of LDs, although it is estimated that 20%-30% do not exhibit EM. After the development of rash, within days or weeks there is usually evidence of disseminated infection that can affect the skin, nervous system, heart or joints (Aguero-Rosenfeld et al. 2005; Steere et al. 2016) .
There are 52 known species of Borrelia but only 12 have been documented to cause LD. Borrelia burgdorferi is more common in the USA, whereas Borrelia afzelii and Borrelia garinii are predominantly prevalent in Europe (Samuels and Radolf 2010; Steere et al. 2016) . Borrelia burgdorferi is a spirochete about 10-30 μm in length without a rigid cellular wall and possess about 7-14 flagella at each end. The genome of laboratory strain B31 has been sequenced and consists of a small linear chromosome of about 910 kb in length, and 10 circular and 12 linear plasmids (Fraser et al. 1997; Casjens et al. 2000) . Borrelia burgdorferi has a complex enzootic life cycle through rodents and ticks (Radolf et al. 2012) . The spirochete alters its antigenic composition by intragenic recombination and regulation of gene expression when encountering new host or vector environments. This is important as it enables the spirochete to persist and thrive in various environments (Samuels 2011; Brisson et al. 2012) .
Borrelia burgdorferi attains a weak gram stain giving it gramnegative type characteristics. Borrelia burgdorferi is an extracellular pathogen; the outer membrane (OM) contains numerous surface lipoproteins that are anchored to the membrane via amino-terminal lipid motifs (Radolf et al. 1995) . The OM of this organism is the interface between the spirochete and the host. The two major classes of proteins present in the B. burgdorferi OM are (i) outer surface lipoproteins that are anchored to the outer leaflet of the OM bilayer by their N-terminal lipid moieties and (ii) integral outer membrane proteins that contain the membrane-spanning domains, and play critical roles in B. burgdorferi persistence through the vector-host infection cycle (Schulze and Zückert 2006; Kenedy, Lenhart and Akins 2012) .
One of the methods for bacteria to communicate with each other and their environment is through lipid vesicles called outer membrane vesicles (OMVs). Imaging of dividing bacteria revealed the presence of vesicles near the division site (Kudryashev et al. 2009 ). Stress induces the production and release of OMVs (Ellis and Kuehn 2010) . OMVs are spherical structures that pinch off from the cell surface, range from 20 to 250 nm in diameter (Kulp and Kuehn 2010) and contain DNA, RNA, proteins and endotoxic lipopolysaccharides. Studies have shown that OMVs can modulate host immune responses and play a role in disease development by transportation of toxins and other virulence factors. Borrelia burgdorferi has been shown to release OMVs (Garon, Dorward and Corwin 1989) , which contain virulence factors (Skare et al. 1995; Toledo et al. 2012) , which can bind to human endothelial cells in culture (Shoberg and Thomas 1993) , as well as induce a B-cell response in mouse models (Whitmire and Garon 1993) . Live cell imaging showed that OMVs were released from GFP-labeled B. burgdorferi during the blood feeding events in ticks. Additionally, the amount of OMVs from spirochetes can vary depending upon the conditions in the feeding ticks (Dunham-Ems et al. 2009 ). In order to understand the role(s) OMVs may play in modulating host-pathogen interactions, the molecular content of the OMV cargo must be thoroughly characterized. Previous studies have used next-generation sequencing (NGS) approaches (RNAseq) to characterize the transcriptomes of OMVs derived from other species of bacteria (Ghosal et al. 2015; Sjöström et al. 2015) ; however, such analysis has not been done with B. burgdorferi. In the present study, we characterized the transcriptome of both B. burgdorferi and its OMVs in order to (i) understand what transcript differences they may be between the bacterial cell and their secreted OMVs, (ii) explore the involvement of OMVs in the manifestation of LD, by examining the biological functions that are related to the those OMV-enriched transcripts.
MATERIALS AND METHODS

Borrelia burgdorferi culture and OMV isolation
Borrelia burgdorferi, B31 (ATCC 3521) bacteria (ATCC, Manassas, VA) were re-suspended and maintained in laboratory produced media that resembles MKP/BSK-II media with 10% heat-inactivated rabbit serum (R7136-60, Sigma-Aldrich, USA) based on recipes kindly provided Dr K. Strle (Barbour 1984; Ruzić-Sabljić and Strle 2004) . The bacteria were suspended in 10 mL of media, and then 1 mL of the diluted bacteria was added to 13 mL of fresh media in 15 ml tubes. Cells were incubated at 34
• C, 5.0% CO 2 with the lids of the tubes tightly sealed to minimize the oxygen level. When seeded at a density of 1 to 5 × 10 6 bacteria/mL, the bacteria typically quadrupled within 24 h. When bacteria reached mid-log phase growth (about 3 to 5 × 10 7 bacteria/mL of density), the culture was first spun at 800 rpm for 3 min to pellet any aggregates that might have formed, then the supernatant was further spun at 3500 × g at 4
• C for 1 h. After centrifugation, the pellet was re-suspended in 20 mL of media that was supplemented with 10% exosome-depleted FBS (Thermo Fisher Scientific, Waltham MA) instead of the heat-inactivated rabbit serum and incubated for 3 h at 34
• C along with 20 mL of blank media as control for OMV analyses. After 3 h, the culture was spun at 3500 × g to pellet the bacteria, and the supernatant was then used for OMV purification. The bacteria pellet was washed twice in cold Phosphatase Buffered Saline (PBS) then re-suspended in 1 mL of PBS and transferred to a 1.5 mL Eppendorf tube. OMVs were isolated from 20 mL of B. burgdorferi supernatants by using two different methods: ultracentrifugation (UC) or sizeexclusion chromatography (SEC). The culture media was filtered through a 0.22 μm filter to remove bacteria and large debris, and then concentrated from 20 mL to 0.5 mL using Amicon Ultra-15 centrifugation filters (EMD Millipore, Billerica MA).
For UC: the concentrated supernatants were centrifuged at 100 000 × g, 4
• C for 1 h. The supernatant was removed and pellet was washed in ice-cold PBS buffer. The pellet was centrifuged again at 100 000 × g, 4
• C for 1 h. This step was repeated one more time. After the final wash, the pellet was re-suspended in 0.5 mL of ice-cold PBS buffer. SEC: OMVs were isolated from 0.5 mL of concentrated supernatants using qEV size-exclusion column (Izon Science, Cambridge, MA) with de-gassed 1X PBS. Eluate fractions were collected individually and the fractions containing OMVs were pooled and concentrated to ∼100 μL using Amicon Ultra-4 centrifugation filters spun in a swing-bucket rotor at 4000 × g at 4
• C for 20 min. To confirm the purification of OMVs from spirochetes, SEC and UC purified OMVs were examined with transmission electron microscopy at the Fred Hutchinson Cancer Center, Seattle as previously described (Théry et al. 2006 ; Fig. 1A and B).
RNA and plasmid isolation
RNA was isolated from B. burgdorferi bacteria or OMVs isolated from B. burgdorferi supernatants using the miRNeasy kit (QAIGEN, Germantown MD), with additional ribosomal depletion step using the MICROBExpress Bacterial mRNA Enrichment Kit (Thermo Fisher Scientific). The RNA was eluted with 30 μL of nuclease-free H 2 O and quality was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara CA) with an RNA (Pico) chip. Borrelia burgdorferi plasmids were isolated using the QIAprep Spin Miniprep (QAIGEN) kit following the manufactures protocol. 
RNA library construction and sequencing
RNA library construction was performed using the NEBNext Ultra Library Prep Kit for Illumina. Individual library concentrations were measured using the NEBNext Library Quant Kit for Illumina and adjusted to an equal molar final pooled concentration of 2 nM and run on NextSeq sequencer (Illumina, San Diego CA). These data have been deposited in GEO (accession number GSE114368).
Data analysis
All the RNA sequencing data were processed to remove adapters by using a modified version of our in-house analysis tool, sRNAnalyzer (Wu et al. 2017) . Borrelia sequences were extracted from various public databases and the processed reads were first mapped to B. burgdorferi B31 noncoding RNAs including small regulatory RNA, ribosomal RNAs and transfer RNAs. Unmapped reads were then mapped to B. burgdorferi B31 transcriptome followed by B. burgdorferi B31 genome (DNA) using Bowtie II (Langmead and Salzberg 2012) . Small non-coding regulatory RNA database was build based on the list of 1005 small RNAs previously published (Popitsch et al. 2017 Ct values are shown (cell/OMV) for sample OMVs isolated using UC (blue) or SEC (red). Data were internally normalized to either the average value of PhoU and BB B27 (putative lipoprotein). A single asterisk ( * ) indicates a P-value < 0.05, and double asterisk ( * * ) indicates a P-value < 0.01. Grayed bars indicate non-significant results (P-value > 0.05).
Determine the spectrum of B. burgdorferi plasmids and quantitative PCR validation of B. burgdorferi transcripts
Plasmid-specific PCR primer sets were used on purified bacterial DNA to determine the distribution of plasmids in of B. burgdorferi (Table S1 , Supporting Information). The PCR was performed with the following conditions: 95
• C for 10 min, 94
• C for 30 sec, 60
• C for 1 min, 72
• C for 1 min (40 cycles) and 72
• C for 7 min. The PCR products were then resolved on gel to determine the presence of specific plasmid. Reverse transcription reaction was performed using the iScript cDNA synthesis kit (Bio-Rad, Hercules CA). A 1:25 dilution of cDNA was used in the qRT-PCR. The assay was carried out using the QuantiTect SYBR green kit (Qiagen, Germantown MD) with gene-specific primers (Table S2 , Supporting Information). phoU and BB˙B27 were used as controls. The PCR conditions were 50 • C for 2 min, 95
• C for 15 min followed by 45 cycles of 94
• C for 15 sec, 60
• C for 30 sec, 72
• C for 60 sec. All samples were assayed in triplicate. The differences in expression of specific gene product were evaluated using a relative quantification method where the expression of specific gene was normalized to the reference genes.
RESULTS
Comparing the transcriptome between B. burgdorferi and its OMVs
The OMVs released from Borrelia burgdorferi were purified either by UC or SEC. To confirm the purification of vesicles from spirochetes, the isolated OMVs were negatively stained for highresolution electron microscopy imaging, and the OMV showed the presence of characteristic lipid bilayer structure ( Fig. 1A and  B) . During RNA isolation, we noticed that ribosomal RNAs made up a large part of the RNA isolated from bacteria (Fig. 1C) ; ribosomal depletion process removed most of these RNAs (Fig. 1D) . We did not notice a significant amount of ribosomal RNAs in the OMVs (Fig. 1E and F) . We then analyzed the spectra of bacterial and OMV RNAs using NGS platform. Sequencing results from the bacterial cell preparation and two OMV isolation methods (UC and SEC) are summarized in Table 1 . In the bacterial cell, OMV (UC) and OMV (SEC) preparations, we observed a total of 1193, 1209 and 1223 unique transcripts with at least one mapped read, respectively, with the majority of these transcripts having greater than 10 mapped reads (Table 1) . Furthermore, the majority of these transcripts (>700) from the three preparations mapped to the chromosome, while the remainder mapped to the 17 different plasmids. Confirmation of the presence of these plasmids was done via PCR, which confirmed the loss of cp9, lp5, lp21, lp25 and lp38 (Fig. S1 , Supporting Information) We observed a bias in the distribution of transcripts from OMVs and bacteria, related to the genomic source of transcripts. Plasmid-encoded transcripts are more likely to be enriched in the OMVs compared to the bacterial cells (greater than 1.5-fold concentration differences), whereas chromosomeencoded transcripts tend to be more abundant in the bacteria (Fig. 2A) .
The most highly abundant transcript, encoding OspA and OspB (ospAB), is on lp54, a linear plasmid. While this is the most abundant transcripts observed in both bacteria and OMVs, the concentration is higher in the bacteria (Fig. 2B and C) . Most other transcripts from lp54, however, have higher concentrations in OMVs (Fig. 2B) . For example, the transcript dpbAB, which encodes two Decorin-binding proteins, DbpA and DbpB, has a much higher concentrations in OMVs when compared to bacteria ( Fig. 2B and C) . To validate our results obtained from NGS-based transcriptomic analysis, we performed qRT-PCR on several transcripts that showed concentration differences between OMVs and bacteria, and have previously been associated with Lyme pathogenesis (Fig. 2B) . The genes selected including ospA, ospC, p35, dbpA, cspZ, dbpB, bbk32, bmpB, erpP, revA and osm28 (Table S2 , Supporting Information). To eliminate any bias that could be introduced during qPCR analysis, we used two invariant controls (phoU and bb b27) based on the sequencing results. The qRT-PCR results showed that all transcripts (except ospA) showed higher concentrations in OMVs compared to bacteria, (Fig. 3A and B) , which is in agreement with sequencing results.
In addition to transcripts, we also examined the distribution differences of B. burgdorferi small non-coding RNAs between the bacterial cell and OMVs. In the bacterial cell, OMV (UC) and OMV (SEC) preparations we observed a total of 125 252 and 259 unique small regulatory RNA transcripts with at least one mapped read, respectively, with majority of these small noncoding RNAs being chromosomally derived (Table 1) . Overall, we did notice that these RNAs were more likely to be enriched in the OMVs (Fig. 4) , and that there was also bias in the distribution of RNAs from OMVs and bacteria, with the majority of the plasmidderived RNAs being enriched in the OMVs compared to bacteria (Fig. 4) .
Enrichment of biological pathways associated with OMVs
Based on gene set enrichment analysis of the transcriptomic data, the transcripts enriched in the OMVs were associated with nucleic acid/DNA metabolism, integration and recombination, whereas the transcripts that are enriched in bacteria cells were most associated with cellular biosynthetic and protein metabolic processes and gene regulation (Fig. 5) .
DISCUSSION
Bacterial OMVs have been implicated in various activities including transferring genetic material and quorum sensing (Schwechheimer and Kuehn 2015) . In addition, reports have shown that OMVs are involved in transferring virulence factors (Kuehn and Kesty 2005) . However, the molecular content of OMVs and their role in LD are poorly characterized. We conducted a NGS-based transcriptomics comparison between spirochete and its OMVs, and found that a number of plasmid-encoded transcripts are enriched in the OMVs, whereas chromosome-encoded transcripts tend to be enriched in the bacterial cell. We also noticed a similar distribution bias for small non-coding RNAs, as well. This is interesting, as small non-coding RNAs have been implicated in regulating the Borrelia burgdorferi enzootic cycle, those the exact role for many of these RNAs is unknown (Lybecker and Samuels 2017; Popitsch et al. 2017) . Several selected protein-coding transcripts including ospA, ospC, p35, dbpA, cspZ, dbpB, bbk32, bmpB, erpP, revA and osm28 were also validated by qRT-PCR. Our transcriptome analysis also showed that the concentration difference between OMV and bacteria are independent of OMV isolation method. While it should be noted that while this laboratory strain has most of the B. burgdorferi plasmids present, it is lacking several plasmids, such as cp9, lp5, lp21, lp25 and lp38.
Some of these plasmid-encoded OMV-enriched transcripts are known to play a role in the pathogenesis of LD. For example, the BBK32, DbpA and DbpB bind to Decorin and glycosaminoglycans, which are abundant in the extracellular matrix (ECM) and connective tissues as well as on the surfaces of mammalian cells (Guo et al. 1998; Fischer, LeBlanc and Leong 2006; Hyde 2017) . Removing dbpA prevents the bacteria from colonizing heart tissue and disrupting both dbpA and dbpB reduces the retention and overall infectivity of B. burgdorferi (Shi et al. 2008) . Many of these plasmid-encoded and OMV-enriched transcripts we observed are lipoproteins or putative lipoproteins that are involved in modulating the host response to pathogenesis during the development of LD, such as revA, p35 and erpP (Fikrig et al. 1997; Miller et al. 2005; Brissette et al., 2008 Brissette et al., , 2009a Byram et al. 2015; Hyde 2017 ). RevA1 does this by directly interacting with fibronectin in the ECM of the host, and ErpP does this through interactions with host plasminogen. In total, we identified 38 plasmid-encoded OMV-enriched proteins that are described as some class of lipoprotein or membrane protein. Of these, 23 are enriched in OMVs and represent putative therapeutic targets for vaccines.
Some plasmid-encoded lipoprotein transcripts are not enriched in the OMVs but are more abundant inside of bacteria, such as the transcript encoding the outer surface proteins OspA and OspB. This suggests an active sorting process(es) in bacteria to transport selected RNA molecules into vesicles. OspA/OspB is not required for pathogenesis, but they interact with specific tick proteins or protein complex facilitates adherence of the bacteria to the tick gut (Schwan et al. 1995; Pal et al. 2000) . Interestingly, OspC, which is encoded by a gene mapping to cp26, a circular plasmid and enriched in OMV, is a virulence factor essential for infection in the mammalian host (Grimm et al. 2004; Pal et al. 2004; Tilly et al. 2006) .
These plasmid-encoded and OMV-enriched transcripts are associated with biological processes that are related to DNA integration and recombination, suggesting that OMVs released by B. burgdorferi may contain messages involved in genomic rearrangement, which has been known as part of the OMV-mediated biological activities. This rearrangement at specific loci can further affect the differential expression of OM antigens that contribute to the successful persistence of B. burgdorferi in a complex enzootic cycle (Zhang et al. 1997; Zhang and Norris 1998; Brisson et al. 2012; Norris 2014) .
In summary, we discovered that vesicles released by B. burgdorferi contain a wide spectrum of RNAs, many of which are preferentially derived from plasmids are enriched in the OMVs. Based on the results of functional enrichment analysis, the OMVs may play important roles during Borrelia infection. In addition, OMVs might be crucial for the progression of LD. Future research will determine whether B. burgdorferi OMVs can be detected in and isolated from LD patient body fluids, and that OMVs may modulate disease trajectories. Such an approach will provide new avenues for exploring the functional involvement of OMVs in disease development and therapeutic response.
